Phenyltrimethoxysilane (PTMS) was anchored onto the sensitized TiO 2 nanoparticles. This insulating molecular layer effectively inhibited the charge recombination at the interface of TiO 2 /electrolyte in the dye-sensitized solar cells (DSCs) without sacrificing the dye-loading capacity of the nanocrystalline TiO 2 . DSCs using PTMSmodified TiO 2 exhibited a short-circuit current (J SC ) of 15.9 mA/cm 2 , an open-circuit voltage (V OC ) of 789 mV, and a fill factor (FF) of 68.2%, yielding an overall conversion efficiency () of 8.55% under 100 mW/cm 2 illumination. The resulting cell efficiency was improved by ~10% as compared with the reference cell.
Introduction
Dye-sensitized solar cells (DSCs) have attracted a great deal of attention because of their low-cost production and relatively high light-to-electric conversion efficiency. DSCs are composed of working electrodes (nanocrystalline TiO 2 film on fluorine-doped tin oxide), sensitizing dye, and Pt counter electrodes.
1,2 Thick TiO 2 nanoparticle film provides sufficient anchoring sites for dye molecules, which excite electrons by absorbing photons to produce electric current. This large surface, however, also promotes the back electron transfer at the solvent-exposed parts of the TiO 2 , which is considered to be a main limitation on the cell efficiency. 3 Thus, much effort has been made in the surface modification of TiO 2 to reduce the degree of the interfacial charge recombination between the TiO 2 surface and the electrolyte.
A coadsorbent molecule such as hexadecylmalonic acid, 4 chenodeoxycholic acid, 5, 6 1-decyl phosphonic acid 7 or 3-phenyl-propionic acid 8 can be used to suppress the recombination. Coadsorbents, in general, prohibit the aggregation of dye molecules to increase the dye-loading capability or change the energy band structure at the interface of TiO 2 /dye/electrolyte. Resultantly, the photocurrent density of the sensitized cells can be enhanced owing to the improved electron injection efficiency. [9] [10] [11] [12] [13] [14] [15] 2 and form an insulating barrier between dye and TiO 2 , which degrades the electron injection efficiency. Although both strategies for blocking recombination phenomena improve the cell efficiency, their usages may be limited to specific cases and sometimes worsen the light harvest of a given cell.
Here, we introduce phenyltrimethoxysilane (PTMS) as an insulating molecular layer in the photoanode of DSCs. Through the simple post-treatment of the sensitized TiO 2 electrode, PTMS molecules have been anchored on the uncovered TiO 2 surface without detaching the dye molecules, thereby reducing the interfacial reaction that affects the charge recombination. To our knowledge, this is the first demonstration in the DSCs with nanocrytalline TiO 2 of grafting a silane-based molecule.
Experimental Section
Preparation of the Photoelectrodes. For the present experiment, two different photoelectrodes were used: one was the PTMS-treated DSC and the other for the reference cell that had no surface modification. A fluorine-doped SnO 2 (FTO) glass substrate was pre-cleaned by isopropyl alcohol, deionized (D.I.) water, and acetone. A 15-µm-thick nanocrystalline TiO 2 film (T20/SP, Solaronix) and a 5-µm-thick TiO 2 scattering particle film (CCIC) were deposited on the substrate using a screen printer. Curing in a furnace followed a temperature profile: (i) at 325 °C for 5 min, (ii) at 375 °C for 5 min, (iii) at 450 °C for 15 min, and (iv) at 500 °C for 15 min. The electrode soaking in 40 mM aqueous TiCl 4 solution was stored in an oven at 70 °C for 30 min, then rinsed with D.I. water and ethanol to ensure good adhesion properties at the TiO 2 /FTO interface. The TiCl 4 -treated electrode was heated again at 500°C for 30 min. The photoelectrode was immersed into the 0.5 mM N719 dye solution, and kept at room temperature for 24 h. For the PTMS modification of a These authors contributed equally to this work. the nanocrystalline TiO 2 film, the dye-sensitized photoelectrode was dipped in the PTMS solution (0.8 g PTMS dissolved in 50 mL ethanol) with various dipping times: from 0 to 2.5 min. The treatment time-dependent photovoltaic properties are shown in Table 1 . It was found that the current density increases with the PTMS-treatment time up to 1.5 min. However, beyond this time (1.5 min), the PTMStreatment even deteriorated the cell efficiency. Consequently, we took 1.5 min as the optimum PTMS-treatment time for the dye-sensitized cells.
Cell Fabrication. The counter electrode was prepared by dripping a Pt solution (Platisol T, Solaronix) on the FTO substrate, which had been followed by the thermal treatment at 500°C for 30 min. For the cell assembly, a hot-melt 60-ìm-thick Surlyn (Meltonix 1170-60, Solaronix) was used as a spacer between the photoelectrode and the counter electrode. The electrolyte (AN50, Solaronix) was injected through a hole which was then sealed.
Characterizations.
29
Si CP-MAS NMR spectra were recorded using a Brüker DSX 400M Hz instrument equipped with a 4 mm solid-state probe operating at 79.5 MHz for 29 Si nuclei. The spectra were collected using a magic angle spinning speed of 8 kHz. Diffuse reflectance spectra were measured by using a UV-VIS spectrometer (Perkin Elmer Lambda 750S) in order to obtain absorption spectra of the sensitized photoelectrodes. For the evaluation of the dyeloading capacity, the dye attached on the two distinct TiO 2 electrodes (with and without the PTMS treatment) were dissolved in a 3 mL 0.1 M NaOH solution of water and ethanol (50/50, v/v), and the absorption properties were compared with the 3 mL 0.03 mM N719 solution by using the UV-Vis spectrometer. Recombination resistance was investigated by employing electrochemical impedance spectroscopy (EIS) under air mass 1.5 1 sun illumination (AM 1.5, 100 mW/cm 2 ). EIS was conducted under various applied biases near the cell V oc (850, 800, and 750 mV). I-V curves were obtained using a Keithley 2400 model as a source measurement unit. One sun of light (100 mW cm
2
) was simulated using an Oriel solar simulator. The light intensity was adjusted with a NREL-calibrated silicon standard cell. Photon-to-current conversion efficiency (IPCE) was measured as a function of wavelength from 400 to 800 nm at a low chopping frequency of 10 Hz (PV Measurements, Inc). A 75W Xenon lamp was used as a light source with a monochromator. Calibration was performed using a NIST-calibrated photodiode (G425) as a reference.
Results and Discussions

29
Si CP-MAS NMR Analysis on the PTMS-modified TiO 2 Nanoparticles. As shown in Figure 1 , PTMS molecules are anchored onto the sensitized TiO 2 surface. A blocking layer can be created by the condensation of hydroxide groups (OH-) formed at the TiO 2 surface with methoxy groups (-OCH 3 ) of PTMS. The PTMS-modified TiO 2 surface was analyzed by 
22,23
Influence of the PTMS Treatment on the Dye-loading Capacity. The amount of the adsorbed dye molecules can be 
29
Si MAS NMR spectrum of organo-silicone compounds anchored on the TiO2 nanoparticle surface. characterized by measuring the absorbance spectra of the sensitized working electrodes. However, it is difficult to directly obtain the absorbance values using a UV-Vis spectroscopy since a typical bi-layered photoelectrode has no transparency due to the presence of the light scattering layer.
To deal with this problem, one can derive the absorbance from the diffuse reflectance of the sensitized photoelectrodes by using the following Kubelka-Munk equation.
F(R) = (1R)
2 /2R = k/s = Ac/s (R: reflectance, k: absorption coefficient, s: scattering coefficient, c: concentration of the absorbing species, and A: absorbance.) As shown in Figure 3(a) , the absorbance value is scarcely affected by the PTMS treatment for a wide range of the wavelength. This implies that PTMS does not compete with the dye molecule in the chemisorption at the TiO 2 surface.
As a next step, dye molecules were detached from the two distinct TiO 2 electrodes (active area: 1. for the quantitative evaluation of the dye-loading properties (Figure 3(b) ). Accordingly, two working electrodes showed almost identical loading capacities (1.22 × 10 7 mol/cm 2 for the PTMS electrode, and 1.24 × 10 7 mol/cm 2 for the reference), which is in good agreement with the previous result from the diffuse reflectance analysis. Therefore, it can be concluded that the PTMS molecules graft only on the uncovered TiO 2 surface where the dye molecules do not chemically adsorb.
EIS Measurement. Electrochemical impedance spectroscopy (EIS) study was carried out in order to study electron transport kinetics in the DSCs. [24] [25] [26] The effective lifetime of electrons ( eff ) and the charge-transfer resistance (R k ) were estimated from the EIS measurement. EIS was conducted under various applied biases near the cell V oc (850, 800, and 750 mV) with 100 mW/cm 2 illumination. It is known that the second semicircle in the Nyquist plot is related to R k between the TiO 2 and the electrolyte.  eff is given by the following relation. adsorbed PTMS molecules, which functioned as a recombination blocking layer between the TiO 2 surface and the electrolyte. Photovoltaic Properties. The surface modification effect is also reflected in the I-V curves ( Figure 5 ). The photovoltaic parameters of the DSCs with and without the PTMS treatment are summarized in Table 2 . Interestingly, the PTMS-treated device showed noticeable enhancement in J sc and FF, resulting in higher overall conversion efficiency: 8.55% versus 7.79% for the reference cell. The incidentphoton-to-current conversion efficiency (IPCE) shows more detailed information on the light harvest of the DSCs (inset of Figure 5 ). The overall IPCE values are increased after the surface modification with PTMS, which is in good agreement with the improved J sc observed in the I-V curves.
In conclusion, PTMS, a silane-based molecule, was employed to modify the TiO 2 surface, and its influence on the DSCs was studied. It was confirmed that PTMS was successfully anchored on the TiO 2 nanoparticles as shown in the solid-state NMR analysis. ~10% increase in the overall efficiency was achieved after the PTMS treatment. EIS analysis suggests that the improvement in J sc is caused by the effective suppression of the interfacial charge recombination between the TiO 2 surface and the electrolyte. Therefore, this observation may pave a way for use of silanol-based molecule as a promising surface modifier in DSCs. 
